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Objective: To evaluate morphological and quantitative MR ﬁndings 9 years after autograft transfer of the
posterior femoral condyle (Mega-OATS) and to correlate these ﬁndings with clinical outcomes. Quanti-
tative MR measurements were also obtained of the contralateral knee and the utility as reference
standard was investigated.
Design: Both knees of 20 patients with Mega-OATS osteochondral repair at the medial femoral condyle
(MFC) were studied using 3T MRI 9 years after the procedure. MR-sequences included morphological
sequences and a 2D multislice multiecho (MSME) spin echo (SE) sequence for quantitative cartilage T2
mapping. Cartilage segmentation was performed at the cartilage repair site and six additional knee
compartments. Semi-quantitative MR observation of cartilage repair tissue (MOCART) scores and clinical
Lysholm scores were obtained. Paired t-tests and Spearman correlations were used for statistical analysis.
Results: Global T2-values were signiﬁcantly higher at ipsilateral knees compared to contralateral knees
(42.1 ± 3.0 ms vs 40.4 ± 2.6 ms, P ¼ 0.018). T2-values of the Mega-OATS site correlated signiﬁcantly with
MOCART scores (R ¼ 0.64, P ¼ 0.006). The correlations between MOCART and Lysholm scores and
between absolute T2-values and Lysholm scores were not signiﬁcant (P > 0.05). However, higher T2 side-
to-side differences at the femoral condyles correlated signiﬁcantly with more severe clinical symptoms
(medial, R ¼ 0.53, P ¼ 0.030; lateral, R ¼ 0.51, P ¼ 0.038).
Conclusions: Despite long-term survival, 9 years after Mega-OATS procedures, T2-values of the grafts
were increased compared to contralateral knees. Clinical scores correlated best with T2 side-to-side
differences of the femoral condyles, indicating that intraindividual adjustment may be beneﬁcial for
outcome evaluation.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.P.M. Jungmann, Department of Radiology, Technische Universitaet Muenchen, Ismaninger Strasse 22, 81675 Munich,
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Cartilage defects have limited potential for self repair and
represent a major risk factor for osteoarthritis (OA)1,2. For focal
chondral or osteochondral defects several different cartilage repair
techniques have been developed, aiming to prevent an early onset
of OA3,4. Cartilage repair techniques are undergoing continuous
technical improvements. Postoperative monitoring and follow-up
of the patients seem essential for each individual as well as for
technical optimization5.
Among all joints, the knee is most often addressedwith cartilage
repair procedures. Besides microfracture and matrix-associated
autologous chondrocyte implantation (MACI), osteochondral
transplantation (OATS) represents a well-established procedure for
treatment of localized osteochondral defects5,6. For very large
osteochondral defects at the weight-bearing region of the femoral
condyles, implantation of Mega-OATS has been considered as an
alternative salvage procedure in young individuals7. The autologous
transplant is harvested from the ipsilateral non-weight-bearing
posterior femoral condyle7e10. Mid-term outcome of these pro-
cedures has only been evaluated in a 5-year follow-up, demon-
strating overall good results9.
MR imaging is an ideal tool for non-invasive assessment during
follow-up of patients, who received cartilage repair procedures.
Changes of the different joint structures may be detected prior to
clinical symptoms2,11. In particular, the transplantation site can be
evaluated regarding its integrity andmorphology12. QuantitativeMR
imaging techniques are frequently applied as non-invasive bio-
markers for detection of early articular cartilage-matrix degenera-
tion. Among different techniques, T2 relaxation time measurements
have been proven useful with respect to prediction of cartilage loss
and early onset of OA at the knee13,14. T2 relaxation time measure-
ments have been reported to correlate with collagen disruption,
collagen orientation and increasing intracartilaginous water con-
tents4,15. T2 relaxation time measurements have been applied for
outcome evaluation after cartilage repair procedures, with the
intention to non-invasively provide sensitive biochemical informa-
tion on cartilage tissue qualitywithout the need of an arthroscopy or
biopsy16,17. However, a lack of correlations of quantitative MR imag-
ing with morphological MR imaging and with clinical outcome pa-
rameters was described by the majority of studies3,18. Most studies
only consider the operated ipsilateral joint for outcome analyses,
without taking into account inter-individual differences of articular
cartilage characteristics, such as cartilage thickness, volume and T2
values13,19,20. In previous studies, efforts were made to adjust for
these inter-individual differences, byutilizing theT2 ratio or T2 index
with the surrounding cartilage as a reference standard21e23. The
adjacent cartilage cannot be considered as healthy24. Therefore
Domayer et al. used more distant normal appearing cartilage as a
reference, which currently seems to be the best approach to account
for these inter-individual differences23.
The purpose of this study was to evaluate, whether bilateral
instead of unilateral acquisition of 3T MR images improves the
diagnostic value of T2 relaxation time measurements for outcome
evaluation following osteochondral transplantation. We hypothe-
sized, that intra-individual adjustment may improve the diagnostic
value of quantitative cartilage MR imaging for outcome evaluation
after cartilage repair.
Material and methods
Subjects
A total of 20 subjects (17 male, 3 female) were included in this
study. All patients were treated with the Mega-OATS procedure forisolated large full thickness osteochondral defects at the weight-
bearing region of the medial femoral condyle (MFC) of one knee
joint. Subjects with Mega-OATS at other knee compartments
(lateral femoral condyle (LFC), trochlea) and patients who received
cartilage repair procedures at both knees were excluded from this
study. Since the purpose of this study was to evaluate the potential
clinical beneﬁt of intra-individual adjustment of T2 values, patients
who had surgery or major trauma with posttraumatic morpho-
logical defects at the contralateral knee were also excluded from
this study. Additional exclusion criteria were subsequent knee
surgery at either knee during follow-up or MR contraindications.
The right knee was affected more often than the left knee (12/20 vs
8/20 cases). Mean age of the patients included in this study was
29.7 ± 12.3 years (mean ± SD) at the time of surgery. The mean
body mass index (BMI) was 25.9 ± 3.4 kg/m2. The mean follow-up
time from osteochondral repair surgery to MR imaging was
9.2 ± 1.9 years. The study was approved by the local Institutional
Review Board. The procedures followed were in accordance with
the ethical standards of the responsible committee on human
experimentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000. All subjects gave written
informed consent prior to participation in the study.
Surgery
The Mega-OATS technique is proposed as an autologous osteo-
chondral salvage procedure for large osteochondral defects25.
Indication for cartilage repair surgery of focal osteochondral defects
at the weight-bearing zone of the MFC was made clinically and
imaging-based in consensus with the patient and was conﬁrmed
during arthroscopy of the affected knee joint. The defect area was
subsequently treatedbyosteochondral transplantation using a large
osteochondral autologous transplantation system (Mega-OATS) via
an anteromedial arthrotomy of the knee joint9,10,25. In brief, the
defect region at the MFC (the graft's bed) was drilled with a
trephine. Following, the autologous osteochondral graft was har-
vested from the ipsilateral posteriorMFC of the same knee. The graft
was sized in a special Mega-OATS workstation (Arthrex Inc., Naples,
FL, USA) and ﬁxed in the graft bed at the weight-bearing MFC using
press-ﬁt techniques8,9. The diameter of the graft was 20mm in 2/20
cases, 25 mm in 12/20 cases and 30 mm in 6/20 cases (mean ± SD,
26.0 ± 3.1 mm). In our study cohort, one patient received additional
single OATS therapy adjacent to the Mega-OATS implant. Two pa-
tients had concomitant high tibial osteotomy due to a relevant varus
malalignment. Postoperatively, knee ﬂexion was limited to 90 and
passive motion and strict non-weight-bearing was required for 6
weeks followed by continuously increasing loads until full weight-
bearing was achieved 3 months postoperatively.
Magnetic resonance imaging
MR sequences
MR imaging of both knees was performed at a 3.0T MR scanner
(Siemens Verio, Global Siemens Healthcare Headquarters, Siemens
AG, Erlangen, Germany) using a dedicated 8-channel knee coil
(Medical Advances, Milwaukee, WI, USA). MR parameters are given
in Table I. For quantitative evaluation of cartilage matrix degrada-
tion, segmentation was performed on sagittal 2D multislice mul-
tiecho (MSME) SE T2-w sequences. For each subject, MR images
were acquired of both, the ipsilateral and the contralateral knee.
Morphological knee MR-analyses
MR images of both knees were transferred on Picture Archiving
Communication System (PACS) workstations (Easy Vision, Philips,
Best, Netherlands) and were evaluated semi-quantitatively by two
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rience). For morphological description of the cartilage repair area,
the Magnetic Resonance Observation of Cartilage Repair Tissue
(MOCART) score was used26, that included the parameters “degree
of defect repair and defect ﬁlling” (ﬁlling, 0e20), “integration to
border zone” (integration, 0e15), “surface of the repair tissue”
(surface, 0e10), “structure of the repair tissue” (structure, 0e5),
“signal intensity of the repair tissue (T2-weighted (w) turbo spin
echo (TSE) sequence)” (signal T2-w TSE, 0e15), “signal intensity of
the repair tissue (gradient echo (GE) sequence)” (signal GE, 0e15),
“subchondral lamina” (lamina, 0e5), “subchondral bone” (bone,
0e5), “adhesions” (0e5) and “effusion” (0e5), a score of 100/100
representing optimal ﬁndings. Contralateral knees were evaluated
morphologically to exclude posttraumatic morphological defects
for the purpose of intra-individual adjustment.
Quantitative cartilage analysis
T2 relaxation time maps were calculated pixelwise from T2
MSME SE images using a monoexponential non-negative least
squares ﬁt analysis with a custom-built software (IDL, Creaso,
Gilching, Germany)27. Segmentation of artifact free cartilage areas
was performed by one trained medical student (F.F.), supervised by
one experienced radiologist (J.S.B., 13 years of experience). Seg-
mentation of areas with chemical shift artifacts in superﬁcial and
deep cartilage regions was avoided. Despite previous surgery, there
were no susceptibility artifacts depicted in the areas of articular
cartilage. Seven individual compartments were analyzed at the
ipsilateral and at the contralateral knee: (1) patella, (2) trochlea, (3)
medial tibia plateau (MT), (4) lateral tibia plateau (LT), (5) LFC, (6)
cartilage of the Mega-OATS transplant at the MFC (or the corre-
sponding area at the contralateral knee) and (7) remaining cartilage
at the MFC (contralateral segmentation was performed equivalent
to ipsilateral segmentation). Global cartilage T2 values were
calculated as mean values of all analyzed compartments except the
Mega-OATS site for the ipsilateral and for the contralateral knee,
respectively (global T2). At the contralateral knee the posterior MFC
(donor site) was segmented additionally.
Reproducibility measurements
Good intra- and inter-reader reproducibility for MSME SE T2
relaxation time measurements was reported previously for our
research group28. For reproducibility analysis in this study, seg-
mentation was performed twice by one investigator (F.F.) in a
randomly selected sample of 10 patients on two separate occasions
with an interval of more than 2months in between the two reading
sessions. Intrareader reproducibility errors for T2 measurements ofTable I
MR pulse sequence parameters
Sequence IM-w FS space IM-w TSE* T1
Additional features 3D 2D BLADE 2
Plane Sagittal Sagittal Sa
Echo time (TE; ms) 44 43 2
Repetition time (TR; ms) 1000 3300 5
Field of view (FOV; mm) 160 130 1
Slice thickness (mm) 0.6 3.0 3
In-plane resolution (mm2) 0.5  0.6 0.3  0.3 0
Flip angle () 150 150 1
Number of slices 176 25 2
Receiver bandwidth (Hz/Pixel) 460 243 1
Frequency encoding direction column row co
Distance factor (%) 10 20 2
Acquisition time (min) 8:14 5:02 5
FOV, ﬁeld of view; w, weighted; IM, intermediate; fs, fat-saturated; MSME SE, multislice
steady-state.
* For ipsilateral knees.each individual compartment were calculated in absolute numbers
as the root mean square error (RMS; ms) and as the root mean
square error coefﬁcient of variation (RMS CV; %). To exclude sys-
tematic errors in bilateral MR image acquisition, segmentation
(circular region of interest) was performed in the bone marrow of
the LFC of all knees (three central slices) by one investigator (F.F.).
Clinical evaluation
Clinical evaluation, including BMI calculation, was captured
using the modiﬁed Lysholm score, resulting in a scale from 0 to 100
points; 100 points representing optimal values comparable to
normal controls29.
Statistical analysis
Statistical processing was performed with SPSS version 17.0
(SPSS Institute, Chicago, IL, USA) (P.M.J., T.B.). All tests were per-
formed based on a 0.05 level of signiﬁcance. Normal distribution of
T2 relaxation times was conﬁrmed using KolmogoroveSmirnov
tests. Paired t-tests were used to compare quantitative cartilage
parameters of ipsilateral and contralateral knees in the same sub-
ject. Compartment speciﬁc T2 values were adjusted intra-
individually for the contralateral knee within one individual (T2
side-to-side difference¼ T2ipsilateraleT2contralateral). T2 ratios (T2MFC/
T2Mega-OATS) were additionally calculated for ipsilateral knees30. We
obtained means and standard deviation (SD), mean differences
between groups and 95% conﬁdence intervals (CIs). Partial
spearman correlations, adjusting for the covariates age, gender and
BMI, were used for correlations of (i) absolute T2 values and (ii) T2
side-to-side difference with MOCART scores and with clinical out-
comes (Lysholm scores; considered as continuous variables).
Pearson correlations were calculated additionally (Pearson).
Results
Intra-individual quantitative cartilage evaluation
The mean T2 value of the Mega-OATS transplant at the MFC was
44.4 ± 6.5 ms (mean ± SD) and the mean global T2 value (mean of
the remaining compartments) was 42.1 ± 3.0 ms for ipsilateral
knees that had received Mega-OATS procedures (Table II). With
respect to the individual compartments, the highest T2 values were
found at the trochlea (48.0 ± 6.9 ms). The lowest T2 values were
found at the LT (36.1 ± 3.4 ms). The site at the contralateral knee,
which corresponded to the Mega-OATS site, showed a mean T2
value of 38.8 ± 3.5 ms. The contralateral donor site showed a mean
T2 value of 40.8 ± 3.8 ms. The mean global T2 value of the-w TSE MSME SE T2 3D GE*
D, driven equilibrium pulse 2D 3D DESS
gittal Sagittal Sagittal
.4 11.5, 23.0, 34.5, 46.0, 57.5 3.1
0 1760 16
28 160 160
.0 2.5 3
.4  0.4 0.4  0.5 0.5  0.5
80 180 15
6 26 26
71 352 558
lumn row column
0 44 20
:54 7:43 6:30
multiecho spin echo; BLADE, motion correction with radial blades; DESS, dual echo
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rank ordering of mean T2 values by compartment was found to be
the same as for ipsilateral knees, however, overall with lower T2
values (Table II). The differences between T2 values at the ipsilateral
knees and T2 values at the contralateral knees were statistically
signiﬁcant for the Mega-OATS site at the MFC (mean
difference ± SEM, 5.5 ± 1.7 ms) (95% CI, 1.9, 9.2); (P¼ 0.005), for the
MT (3.1 ± 1.3 ms (0.4, 5.7); P ¼ 0.027) and for the trochlea
(3.7 ± 1.3 ms (1.1, 6.4); P ¼ 0.007). The difference between the
ipsilateral Mega-OATS site and the contralateral donor site at the
posterior medial condyle showed a statistical trend (T2 Mega-
OATS-site-to-donor-site difference, 3.6 ± 1.8 ms (0.2, 7.3);
P ¼ 0.060). For the other compartments the difference was not
statistically signiﬁcant. T2 relaxation times of bilateral knees
correlated statistically signiﬁcantly with each other (Spearman
correlation, R ¼ 0.51 (0.05, 0.92); P ¼ 0.022).
Morphological outcome and clinical outcome
In the assessed cohort, patients had mean ± SD MOCART scores
of 61.5 ± 23.3. The highest (best) MOCART score was 95, the lowest
score was 25. The mean Lysholm score was 78.9 ± 16.9. The highest
Lysholm score was 100, the lowest score was 24. The correlation
between MOCART scores and Lysholm scores was not statistically
signiﬁcant (Partial spearman correlation, R ¼ 0.31 (0.78, 0.20),
P ¼ 0.223; Pearson, R ¼ 0.35 (0.81, 0.12), P ¼ 0.131). Also, all
individual MOCART parameters did not show a statistically signif-
icant correlation with Lysholm scores (P > 0.05).
Morphological outcome and T2 relaxation times
MOCART scores correlated statistically signiﬁcantly with T2
values of the Mega-OATS transplants (Figs. 3 and 4). The correla-
tions were higher for the T2 side-to-side difference (Correlation
with total MOCART score R ¼ 0.77 (1.18, 0.44), P < 0.001;
Pearson, R ¼ 0.68, P ¼ 0.001) than for the T2 Mega-OATS-site-to-
donor-site difference (R ¼ 0.46 (1.06, 0.03); P ¼ 0.062; Pearson,
R ¼ 0.38, P ¼ 0.090) and for absolute T2 values (R ¼ 0.64
(1.06, 0.21), P ¼ 0.006; Pearson, R ¼ 0.59, P ¼ 0.006). The
greatest correlation coefﬁcient was found between the T2 side-to-
side difference of the Mega-OATS transplants and the parameters
“degree of defect repair and defect ﬁlling” (R ¼ 0.82
(1.13, 0.50), P < 0.001; Pearson, R¼0.83, P < 0.001), “quality of
repair tissue surface” (R ¼ 0.75 (1.16, 0.40), P ¼ 0.001; Pearson,
R ¼ 0.70, P ¼ 0.001), “structure of the repair tissue” (R ¼ 0.65
(1.06, 0.24), P ¼ 0.004; Pearson, R ¼ 0.54, P ¼ 0.014) and
“integration to border zone” (R ¼ 0.65 (1.19, 0.25), P ¼ 0.005;
Pearson, R ¼ 0.51, P ¼ 0.022). Statistically signiﬁcant correlations
were also found between MOCART scores and the difference in T2Table II
Mean cartilage T2 values (ms) for ipsilateral and contralateral knees
Compartment Mean ± SD T2 ipsilateral Mean ± SD T2 contralateral
Global* 42.1 ± 3.0 40.4 ± 2.6
Patella 41.7 ± 3.9 39.8 ± 5.0
Trochlea 48.0 ± 6.9 44.2 ± 3.7
LFC 42.0 ± 3.6 42.2 ± 3.5
Medial tibia 41.7 ± 5.7 38.6 ± 3.6
Lateral tibia 36.1 ± 3.4 35.6 ± 2.6
Mega-OATSx 44.4 ± 6.5 38.8 ± 3.5
MFC 43.4 ± 3.4 42.1 ± 3.9
* Mean of all compartments except the Mega-OATS site.
y Paired t-test.
z T2 side-to-side difference ¼ T2ipsilateral kneeT2contralateral knee.
x Mean difference ± SD between the ipsilateral Mega-OATS site and the donor site atbetween the ipsilateral Mega-OATS site and the ipsilateral LFC
(R ¼ 0.66 (1.03, 0.23), P ¼ 0.004; Pearson,
R ¼ 0.63 m P ¼ 0.003), LT (R ¼ 0.53 (1.02, 0.07), P ¼ 0.029;
R ¼ 0.56, P ¼ 0.010) and patella (R ¼ 0.52 (1.03, 0.06),
P ¼ 0.031; R ¼ 0.50, P ¼ 0.025), respectively.
Except for the Mega-OATS site, there were no statistically sig-
niﬁcant correlations between MOCART scores and global T2 values,
MOCART scores and global T2 side-to-side difference, MOCART
scores and compartment-speciﬁc T2 values or MOCART scores and
compartment-speciﬁc T2 side-to-side differences (all P > 0.05).
Also the T2 ratio did not correlate signiﬁcantly withMOCART scores
(P > 0.05). Statistically signiﬁcant correlations were found between
MOCART scores and the difference in T2 between the ipsilateral
MFC and the ipsilateral LFC (R ¼ 0.49 (0.95, 0.01); P ¼ 0.047;
Pearson, R ¼ 0.54, P ¼ 0.014).
T2 relaxation times and clinical outcome
There was no statistically signiﬁcant correlation found between
global T2 values with Lysholm scores (R ¼ 0.08 (0.43, 0.58),
P ¼ 0.761; Pearson, R ¼ 0.04, P ¼ 0.866) or global T2 side-to-side
differences with Lysholm scores (R ¼ 0.29 (0.76, 0.22),
P ¼ 0.259; Pearson, R ¼ 0.38, P ¼ 0.098; Table III, Fig. 1).
Considering the individual knee compartments, absolute T2 values
of the individual compartments did not show statistically signiﬁ-
cant correlations with Lysholm scores (all P > 0.05, Table III). High
T2 side-to-side differences at the femoral condyles correlated sta-
tistically signiﬁcantly with more severe clinical symptoms (Fig. 2).
For theMFC the correlationwas R¼0.53 (1.01,0.06; P¼ 0.030;
Pearson, R ¼ 0.25, P ¼ 0.295). For the LFC the correlation was
R ¼ 0.51 (1.01, 0.03; P ¼ 0.038; Pearson, R ¼ 0.35, P ¼ 0.134).
T2 side-to-side differences of the other compartments did not
correlate statistically signiﬁcantly with Lysholm scores (P > 0.05).
There was no statistically signiﬁcant correlation found between
Lysholm scores and T2 values of the Mega-OATS site, T2 side-to-
side difference of the Mega-OATS site, T2 Mega-OATS-site-to-
donor-site difference or T2 ratio, respectively (P > 0.05). There
were no signiﬁcant correlations between Lysholm scores and ipsi-
lateral intercompartment T2 differences (all P > 0.05).
Reproducibility measurements
For ipsilateral knees, RMS ranged from 0.8 ms (RMS CV, 1.7%) for
the Mega-OATS site to 2.4 ms (2.3%) for the MT. Only the trochlea
showed worse reproducibility (6.3 ms, 2.6%). For the side-to-side
difference in T2 values, RMS ranged from 0.6 ms (38.6%) for the
Mega-OATS site to 2.8 ms (74.4%) for the MT. Again, only the
trochlea showed worse reproducibility (12.0 ms, 52.8%). T2 values
of the bone marrow at the LFC did not show signiﬁcant differencesPy (ipsi- vs contralateral) Mean ± SD T2 side-to-side differencez (95% CI)
0.018 1.7 ± 2.9 (0.3, 3.0)
0.116 1.9 ± 5.1 (0.5, 4.3)
0.007 3.7 ± 5.5 (1.1, 6.4)
0.887 0.2 ± 5.3 (2.6, 2.3)
0.027 3.1 ± 5.7 (0.4, 5.7)
0.604 0.4 ± 3.2 (1.1, 1.9)
0.005 5.5 ± 7.7 (1.9, 9.2)
0.227 1.3 ± 4.7 (0.9, 3.5)
the contralateral posterior MFC, 3.6 ± 8.0 ms (P ¼ 0.060).
Fig. 1. Bivariate linear ﬁt of cartilage T2 values (ms) at the knee by Lysholm scores 9 years after Mega-OATS implantation. A: T2 values at the MFC, B: T2 side-to-side difference at the
MFC (T2ipsilateral kneeT2contralateral knee), C: T2 values at the LFC, D: T2 side-to-side difference at the LFC. Partial Spearman correlations (R-values and P-values) adjusted for age,
gender and BMI.
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CI, 5.5e3.4); P ¼ 0.612).
Discussion
In this study, cartilage T2 relaxation time measurements were
performed bilaterally in a 9 year follow-up after autologous Mega-
OATS treatment for large osteochondral defects at the MFC. Overall
T2 values were higher at ipsilateral knees, whichmay indicate early
OA. T2 values of the osteochondral transplants were statistically
signiﬁcantly higher than T2 values at the respective site at
contralateral knees. Correlations were found between T2 side-to-
side difference at the femoral condyles and clinical outcome mea-
surements. T2 values of the cartilage repair tissue correlated sta-
tistically signiﬁcantly with MOCART scores. These results may
indicate, that in the context of generally poor correlations of MR
ﬁndings with clinical outcomes after cartilage repair surgery,
bilateral instead of unilateral image acquisition and assessment of
the global knee joint may be helpful to improve the clinical value of
quantitative cartilage imaging.
New quantitative MR imaging techniques have increasingly
been applied as non-invasive biomarkers, detecting subtle early
biochemical changes of hyaline articular cartilage without the need
of an arthroscopy or biopsy16,31,32. High cartilage T2 values correlatewith OA, predict morphological cartilage defects and radiographic
OA14,15,31. Although T2 relaxation times have also been applied for
follow-up evaluation after cartilage repair procedures16,17,33,34,
most studies reported a lacking correlation of MR parameters with
clinical outcomes3,17,18. This may be due to different histological
cartilage types. Microfracture usually results in ﬁbrocartilage and
MACI usually results in hyaline-like cartilage35,36. In contrast, in
case of osteochondral transplants, the repair tissue consists of hy-
aline cartilage with a biochemical and histological composition
identical to normal articular cartilage37. Histologically proven
ﬁndings may possibly be transferred. However, there may still be
adaptive changes in the transferred osteochondral graft. In our
study, T2 relaxation time measurements were applied in patients
treated with Mega-OATS procedures. Quantitative MR imaging was
previously applied in patients treated with standard OATS pro-
cedures. T2 values of OATS were found to be similar to normal
cartilage up to 1 year after surgery and were reported to increase
during further follow-up17.We found higher T2 values for the repair
tissue as compared to the respective site at the contralateral knee
and no statistically signiﬁcant difference between T2 values of the
repair tissue and the remaining ipsilateral MFC. Due to the cross-
sectional study design, it cannot be distinguished, whether the
cartilage transplant showed higher T2 values upon implantation or
whether T2 values increased during follow-up.
Fig. 2. Cartilage T2 color maps overlaid on ﬁrst-echo images of the MSME SE sequence. Blue color indicates low, red color high cartilage T2 values. Upper row: Patient with good
clinical outcome and low T2 side-to-side difference at the medial and LFC. Ipsilateral knee, A: medial and B: lateral tibiofemoral compartment. Contralateral knee, C: medial and D:
lateral tibiofemoral compartment. Lower row: Patient with inferior clinical outcome and high T2 side-to-side difference at the medial and LFC. Ipsilateral knee, E: medial and F:
lateral tibiofemoral compartment. Contralateral knee, G: medial and H: lateral tibiofemoral compartment.
Fig. 3. Bivariate linear ﬁt of cartilage T2 values at the Mega-OATS site by MOCART scores 9 years after Mega-OATS implantation at the MFC. A: absolute T2 values, B: T2 side-to-side
difference (T2ipsilateral kneeT2contralateral knee). Partial Spearman correlations (R-values and P-values), adjusted for age, gender and BMI, were statistically signiﬁcant (*P < 0.05).
P.M. Jungmann et al. / Osteoarthritis and Cartilage 23 (2015) 2119e21282124Poor correlations of quantitative cartilage imaging parameters
with MOCART scores were described previously3,18,34. In case of
osteochondral transplants, no statistically signiﬁcant correlations
of T2 indexes with MOCART scores were found30,38. In our study,
the T2 index (T2 ratio, ratio of values in native to those in repair
cartilage) did not correlate statistically signiﬁcantly with MOCART
scores. However, absolute T2 values and T2 side-to-side differences
correlated statistically signiﬁcantly with MOCART scores. Correla-
tions described for native articular cartilage, such as elevated T2
values correlating with cartilage defects, cartilage signal changesand subchondral bone abnormalities4,13,39, may therefore also be
true for large osteochondral transplants of hyaline cartilage.
In most previous studies, a lack of correlation between MR
imaging and clinical ﬁndings was reported3,18. Some studies re-
ported a correlation of clinical outcomes (Lysholm scores) with the
T2 index30,40,41. Using the T2 index in our study, no statistically
signiﬁcant correlation with Lysholm scores was observed. This is in
line with ﬁndings of Salzmann et al.38, but in contrast to ﬁndings,
reported by Krusche-Mandl et al.30. Using the cartilage adjacent to
the defect as a reference appears controversial, since it shows
Fig. 4. Sagittal intermediate-weighted fat saturated FSE sequences (A, C, E, G) and cartilage T2 color maps overlaid on ﬁrst-echo images of the MSME SE sequence (B, D, F, H). Blue
color indicates low, red color high cartilage T2 values. Upper row: Patient with lowMOCART scores, low T2 and low T2 side-to-side difference at the Mega-OATS site (A, B: ipsilateral
knee; C, D: contralateral knee). Lower row: Patient with high MOCART scores, high T2 and high T2 side-to-side difference at the Mega-OATS site (E, F: ipsilateral knee; G, H:
contralateral knee).
Table III
Partial Spearman correlationsy of Lysholm scores with cartilage T2 values and T2 side-to-side differencesz (¶P < 0.05)
Compartment Lysholm vs T2 (95% CI) Lysholm vs T2 (95% CI) Lysholm vs T2 side-to-side differencez
(95% CI)
Lysholm vs T2 side-to-side
difference (95% CI)
Partial Spearman correlationy Pearson correlation Partial Spearman correlationy Pearson correlation
Global* R ¼ 0.08 (0.43, 0.58), P ¼ 0.259 R ¼ 0.04, P ¼ 0.866 R ¼ 0.29 (0.76, 0.22), P ¼ 0.259 R ¼ 0.38, P ¼ 0.098
Patella R ¼ 0.03 (0.48, 0.53), P ¼ 0.921 R ¼ 0.07, P ¼ 0.778 R ¼ 0.19 (0.75, 0.37), P ¼ 0.478 R ¼ 0.35, P ¼ 0.128
Trochlea R ¼ 0.34 (0.19, 0.89), P ¼ 0.186 R ¼ 0.05, P ¼ 0.839 R ¼ 0.18 (0.41, 0.81), P ¼ 0.497 R ¼ 0.10, P ¼ 0.663
LFC R ¼ 0.19 (0.66, 0.31), P ¼ 0.465 R ¼ 0.15, P ¼ 0.519 R ¼ 0.51 (1.0, 0.03), P ¼ 0.038¶ R ¼ 0.35, P ¼ 0.134
Medial tibia R ¼ 0.07 (0.46, 0.60), P ¼ 0.782 R ¼ 0.20, P ¼ 0.403 R ¼ 0.04 (0.53, 0.46), P ¼ 0.877 R ¼ 0.14, P ¼ 0.562
Lateral tibia R ¼ 0.03 (0.54, 0.60), P ¼ 0.903 R ¼ 0.01, P ¼ 0.961 R ¼ 0.04 (0.59, 0.51), P ¼ 0.889 R ¼ 0.15, P ¼ 0.527
Mega-OATS R ¼ 0.26 (0.26, 0.74), P ¼ 0.320 R ¼ 0.36, P ¼ 0.120 R ¼ 0.23 (0.30, 0.76), P ¼ 0.369x,k R ¼ 0.28, P ¼ 0.229
MFC R ¼ 0.15 (0.66, 0.37), P ¼ 0.478 R ¼ 0.07, P ¼ 0.768 R ¼ 0.53 (1.01, 0.06), P ¼ 0.030¶ R ¼ 0.25, P ¼ 0.295
* Mean of all compartments apart from the Mega-OATS site.
y Adjusted for the covariates age, gender and BMI.
z T2 side-to-side difference ¼ T2ipsilateral kneeT2contralateral knee.
x Correlation between Lysholm scores and the difference between T2 at the ipsilateral Mega-OATS site and T2 at the donor site at the contralateral posterior MFC, R¼0.71
(0.65, 0.50), P ¼ 0.787; Pearson correlation, R ¼ 0.06, P ¼ 0.789).
k Correlation between Lysholm scores and the T2 ratio (T2medial femoral condyle/T2Mega-OATS, R ¼ 0.31 (0.19, 0.76), P ¼ 0.226; Pearson correlation, R ¼ 0.32, P ¼ 0.170).
P.M. Jungmann et al. / Osteoarthritis and Cartilage 23 (2015) 2119e2128 2125increased T2 values40. In our study, T2 values of the MFCweremore
indicative for the clinical outcome than T2 values of the transplant
tissue. However, results were different for adjusted spearman cor-
relations (signiﬁcant correlations for the femoral condyles) and
Pearson correlations (statistical trend for the side-to-side differ-
ence of global T2 values). Differences are most likely due to the
inﬂuence of age, gender and BMI on the outcome after cartilage
repair42,43. In additional analyses statistically signiﬁcant correla-
tions were found between MOCART scores and the difference in T2
between the ipsilateral MFC and the ipsilateral LFC, indicating
particularly increased T2 values at the MFC in patients with worse
MOCART scores. As expected, differences in T2 values between theipsilateral Mega-OATS site and the ipsilateral LFC, LT and patella,
respectively, also correlated with MOCART scores. The T2 Mega-
OATS-site-to-donor-site difference was smaller than the Mega-
OATS site-to-site difference (Table II). This may be one reason for
the missing signiﬁcances in the correlation analyses considering
this parameter. MR ﬁndings of the global knee joint may be more
important and only considering the repair tissue area may not be
representative for the entire joint44. Welsch et al. reported a cor-
relation of global dGEMRIC values with Lysholm scores previ-
ously45. However, local ﬁndings may have long-term effects on the
global joint. Further longitudinal follow-up studies will be needed
to proof this assumption.
P.M. Jungmann et al. / Osteoarthritis and Cartilage 23 (2015) 2119e21282126Inter-individual differences in cartilage morphology, volume
and T2 relaxation times were reported19,46e48. Apart from the inter-
individual differences, these parameters also vary intra-
individually between different knee compartments13,14,47. The
compartment speciﬁc distribution of T2 values in this study was
consistent with previously reported ﬁndings. The highest T2 values
were found at the trochlea and at the femoral condyles. The lowest
values were found at the LT. The largest differences between ipsi-
and contralateral knees were found for the trochlea and the MT.
Increased T2 values at the trochlea may be explained by the
proximity to the cartilage repair site. However, the trochlea showed
worse reproducibility than other compartments and values may
have been affected by pulsation artifacts from the popliteal artery,
despite careful segmentation13. The MT may be affected with more
severe degenerative changes than other compartments, due to its
location opposite to the cartilage repair site. However, T2 values at
the MT did not show any statistically signiﬁcant correlation with
clinical outcomes. Instead, high cartilage T2 side-to-side differences
at the medial and LFC were correlated with inferior clinical out-
comes represented by the Lysholm scores.
Despite satisfying clinical results, ipsilateral T2 values were
higher than contralateral T2 values in all knee compartments
except for the LFC, indicating early OA. Whether this is due to
preexisting abnormalities, to the postoperative state of the ipsi-
lateral knee and adaptive processes or whether early OA occurred
despite cartilage repair surgery is subject of further investigations.
This is the ﬁrst study ever applying quantitative imaging techniques
in patients withMega-OATS. Further longitudinal outcome analyses
combining several outcome measures are warranted. In clinical
practice the contralateral joint is often considered as a reference.
However, no other study has evaluated the approach of adjusting
T2 relaxation times for the contralateral knee before. We realize,
that bilateral scans cannot be performed clinically in every patient.
However, these ﬁndings and the presence of inter-individual dif-
ferences may be taken into account when interpreting results.
There are some limitations of this study. The ﬁrst echo was not
excluded from the ﬁtting process. Some studies reported more
reliable T2 values in case of excluding the ﬁrst echo from the later
ﬁtting process, since this eliminates the effects from stimulated
echo signal on the calculated T2 values31,49,50. Since no phantoms
were used, measurements of the bone marrow were performed, to
underline, that the differences in T2 values between the ipsi- and
contralateral knees were not due to systematic variations, such as
the knee position. Further, we cannot exclude, that high T2 values
of the graft may result from a difference collagen ﬁber orientation
of the donor and recipient sites. Last, T2 mapping has been applied,
and further studies are needed to characterize cartilage repair tis-
sue after Mega-OATS in a multimodal, longitudinal approach
including histological analyses.
In summary, this study may suggest a beneﬁt of bilateral T2
mapping of all cartilage compartments at the knee for outcome
evaluation after Mega-OATS cartilage repair at the knee. Higher
T2 relaxation times were found for ipsilateral knees, indicating
early osteoarthritic changes 9 years after Mega-OATS trans-
plantation, despite successful long-term osteochondral trans-
plant survival. T2 values of the transplant site were increased
and correlated with MOCART scores. Cartilage T2 values at the
femoral condyles, intra-individually adjusted for contralateral T2
values, correlated statistically signiﬁcantly with clinical out-
comes. In conclusion, bilateral instead of unilateral acquisition of
3T MR images and assessment of the global knee joint may
improve the diagnostic value of T2 relaxation time measure-
ments for outcome evaluation. However, further studies are
needed to proof this assumption, in particular for other cartilage
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